Introduction Preterm births account for disproportionately high healthcare costs, in large part due to expenses related to length of stay in the hospital neonatal intensive care unit (NICU). It is common for preterm infants to receive human milk fortifier (HMF) while in the NICU. Liquid HMF is available in both acidified and non-acidified formulations. A recent randomized clinical trial found that acidified HMF is associated with an increased incidence of metabolic acidosis, which may contribute to increased costs and longer NICU length of stay. Objective The present study is a secondary analysis of these data, seeking to determine whether additional factors contribute to metabolic acidosis, whether metabolic acidosis is associated with longer hospital length of stay, and whether these associations contribute to the burden of hospital costs. Methods The study sample consisted of 152 infants who were hospitalized in US NICUs. Multiple logistic regression was used to model the NICU length of stay. Data from the 2012 Healthcare Cost and Utilization Project (HCUP) Kids' Inpatient Database (KID) were used to calculate the average cost (charge) per day in a NICU. Costs (charges) were adjusted to $US, year 2018 values, using the health Consumer Price Index. Result Results indicated that acidified HMF was a strong predictor of metabolic acidosis, more so than gestational age or birth weight. Furthermore, metabolic acidosis was associated with incremental NICU costs (charges) of $US19,002 ($US65,462) per infant and longer NICU LOS. Conclusion Future studies should further investigate factors that contribute to NICU length of stay and associated costs of care. Trial Registration ClinicalTrials.gov: NCT02307760.
Introduction
Preterm births account for approximately 10% of all births but disproportionately greater healthcare costs in the USA [1] [2] [3] [4] . Predictors of extended neonatal intensive care unit (NICU) stay, such as intracranial haemorrhage, necrotizing enterocolitis, bronchopulmonary dysplasia, and late-onset sepsis, all directly contribute to excess healthcare costs that average more than $US10,000 per case in hospital [5, 6] . Moreover, these comorbidities are associated with higher post-discharge costs because of delays in long-term neurodevelopment [7] . Healthcare providers are therefore incentivized to reduce neonatal morbidities to provide better longterm outcomes for preterm infants and reduce the economic burden associated with the NICU hospital stay. Reducing the number of days an infant is hospitalized in the NICU contributes to cost savings in appropriate scenarios that do not jeopardize health outcomes [8] .
Studies in other countries such as Sweden, the UK, Canada, and Germany have also reported risk factors for length of stay (LOS) in the NICU [9] [10] [11] [12] [13] . Seaton et al. [14] evaluated these studies combined with a few US studies in a systematic review and concluded that, in a simple model, inherent factors such as birth weight, gestational age, and sex were useful early indicators of LOS. The investigators also pointed out that understanding the predictors of LOS was necessary, not just for cost saving reasons but also for resource planning and parent counselling.
Metabolic acidosis occurs when blood pH is reduced, either by increased acid production or by inadequate clearance of acid by the kidneys. Metabolic acidosis may arise in preterm infants because of immature kidneys and a greater susceptibility to conditions that can lead to acidosis, such as infection or respiratory distress. Previous research has shown that metabolic acidosis is associated with poor developmental and neurologic outcomes in very low birth weight infants [15, 16] . Subedi et al. [7] showed that increased NICU LOS had a highly significant negative relationship with longterm neurodevelopment outcomes at 9 months (p < 0.001) and 24 months (p < 0.01). Metabolic acidosis is also a risk factor for neonatal necrotizing enterocolitis, a condition that may require surgical intervention or can lead to sepsis and sometimes death [16] [17] [18] [19] .
Schanler et al. [20] recently reported that the incidence of metabolic acidosis was significantly greater in preterm infants who received acidified liquid human milk fortifier (HMF) than in those who received non-acidified liquid HMF. Additionally, the presence of metabolic acidosis itself was associated with a significantly longer NICU stay [20] . For the current study, we performed a secondary analysis of these data to identify whether additional factors were predictive of metabolic acidosis among the preterm infants who were included in the trial, excluding eight infants for whom NICU LOS was missing (n = 152). The relationship between metabolic acidosis and NICU LOS was modelled to assess hospital costs associated with this diagnosis. To our knowledge, no other published study has estimated costs associated with a diagnosis of metabolic acidosis in the NICU.
Methods

Participants and Nutritional Intervention
In the clinical trial, preterm infants with a birth weight of 700-1500 g who were born at or before 32 weeks' gestation and expected to survive with minimal morbidity were eligible for inclusion. Full study inclusion criteria for this US study are listed in further detail elsewhere [20] . Infants were randomized to receive a non-acidified liquid HMF or an acidified liquid HMF. LOS was not a primary outcome in the clinical trial; infants without a documented LOS were excluded from the current analysis. Of the 160 infants who participated in the trial, LOS data were unavailable for five infants in the acidified liquid HMF cohort and three infants in the non-acidified liquid HMF cohort, reducing the sample for the current analysis to 152 (n = 73 and 79 infants in the acidified and non-acidified liquid HMF cohorts, respectively). Weight, feeding tolerance, and adverse events were assessed daily, and length, head circumference, and blood biochemistries were evaluated at study days 1, 15, and 29. LOS (time to discharge from the NICU to home) was followed. Metabolic acidosis was determined by physician report or met an a priori definition of a base excess of < − 6 mmol/L [20].
Statistical and Cost Analysis
Relationships between demographic and clinical factors and LOS were assessed using Chi squared tests for categorical variables and Spearman's correlations for continuous variables. Unadjusted analyses between demographic and clinical variables and metabolic acidosis were conducted using Chi squared tests for categorical variables and two-sample t tests or Wilcoxon tests for continuous variables, depending on normality of the distribution.
A natural log transformation was performed on LOS to correct for a positively skewed distribution. Multiple linear regression employing backwards selection was used to model log-transformed LOS with a probability level of 0.05 as the threshold to remain in the model. Multiple logistic regression was used to model the incidence of metabolic acidosis. Healthcare costs were calculated using data from the 2012 Healthcare Cost and Utilization Project (HCUP) Kids' Inpatient Database (KID), which were the most recent at the time the study was conducted [10] . HCUP KID includes charges for each infant's NICU stay. Because charges reflect the billed expenses for a NICU stay, charges were converted to costs using the HCUP cost to charge file and adjusted for
Key Points for Decision Makers
Among preterm infants hospitalized in the neonatal intensive care unit (NICU), those who received acidified human milk fortifier had odds of developing metabolic acidosis more than 15 times higher than those of infants fed non-acidified human milk fortifier.
A diagnosis of metabolic acidosis was associated with an 8.5-days longer NICU stay (9.3 days from adjusted model).
The 9.3 additional days in the NICU was estimated to increase hospital costs associated with the development of metabolic acidosis by $US19,002 ($US65,462 charges).
inflation to $US, year 2018 values, using the healthcare Consumer Price Index [21, 22] . Costs more accurately reflect the expenses hospitals incur and the amounts health insurance companies reimburse for services provided. International Classification of Diseases, Ninth Revision (ICD-9) diagnosis and procedural codes were used to identify infants in the 2012 HCUP KID database who were born at or before 32 weeks' gestation, weighed <1500 g at birth, were admitted to a NICU, and received parenteral feeding. Infants who died before NICU discharge were excluded. All analyses were performed using SAS version 9.3 software (SAS Institute, Inc., Cary NC, 2011).
The initial regression model predicting log-transformed LOS included gestational age at birth, 5-minute Apgar score, sex, race, ethnicity, weight, age at study day 1 (defined as the first day HMF was received), diagnosis of metabolic acidosis, and treatment group. Statistically significant covariates were identified using backwards selection. In models with log-transformed dependent variables, the coefficients were interpreted to approximate the percentage change in the dependent variable per unit change in the independent variable, holding other predictors constant [23] .
Results
The characteristics of the 152 infants included in this analysis are described in Table 1 . Infants who developed metabolic acidosis were more likely to be born earlier in gestation (28.3 vs. 29.4 weeks, p = 0.002) and were younger at study day 1 (chronological age in days) than infants without metabolic acidosis (8.6 vs. 10.8, p = 0.02). The distributions of gestational ages plotted in Fig. 1 illustrate that the incidence of metabolic acidosis was much higher in infants born very preterm (< 28 weeks) than in those born at later, though still preterm, gestational ages (31.3 vs. 10.8%, p = 0.01).
The incidence of metabolic acidosis was 5% (4 of 79) in the non-acidified liquid HMF cohort versus 26% (19 of 73) in the acidified liquid HMF cohort. Of infants born before 28 weeks, 47% (8 of 17) in the acidified liquid HMF cohort and 13% (2 of 15) in the non-acidified liquid HMF cohort developed metabolic acidosis. For the non-acidified liquid HMF cohort, metabolic acidosis occurred in the two youngest infants included in the study (born at 24 weeks and 4 days and at 25 weeks and 3 days) ( Fig. 1) .
Logistic regression modelling with backwards selection revealed three statistically significant predictors of metabolic acidosis ( Table 2 ). Younger gestational age (weeks at birth) and younger age at study day 1 (days after birth) were both risk factors. Acidification of HMF was strongly correlated with metabolic acidosis; the adjusted odds for infants in the acidified liquid HMF group was 15.6 times that of infants in the non-acidified liquid HMF group (p = 0.0002).
Length of Hospital Stay
In unadjusted univariate analyses (Table 3) , LOS was negatively correlated with weight at birth, weight at study day 1, and gestational age at birth. Presence of metabolic acidosis was also significantly correlated with hospital LOS: infants diagnosed with metabolic acidosis were hospitalized for an average of 8.5 days longer than infants without metabolic acidosis (65.5 vs. 57.0 days, p = 0.03). LOS in the non-acidified liquid HMF group was lower than in the acidified liquid HMF group, but this was not statistically significant (57.6 ± 21.7 vs. 58.9 ± 19.8 days, p = 0.71). Although gestational age was a strong predictor of LOS, it was confounded with other variables of interest, e.g. birth weight, intraventricular haemorrhage, and necrotizing enterocolitis; we therefore excluded it from our multivariable analysis. Greater weight at study day 1 was predictive of shorter NICU stays, but older age at study day 1 was predictive of longer NICU stays. Each additional day of age at study day 1 was estimated to increase LOS by 3% (p < 0.0001). Black infants were predicted to have a 13% shorter LOS than White infants (p = 0.008).
Economic Costs Associated with Metabolic Acidosis-Related Length of Stay
Finally, differences in LOS associated with metabolic acidosis were translated into costs using data from the 2012 HCUP KID. The average cost (charge) per day, adjusted to $US, year 2018 values, among infants who met inclusion criteria was $US2036 ($US7014 charge). Using the coefficients produced by the model in Table 3 , a diagnosis of metabolic acidosis was therefore estimated to increase the cost (charge) of a NICU stay for an infant of average age and weight at study day 1 by $US19,002 ($US65,462 charge).
Discussion
Among preterm infants who participated in a clinical trial to evaluate HMF liquid formulations, those who were fed acidified liquid HMF had 15 times the odds of developing metabolic acidosis compared with infants fed non-acidified liquid HMF. Susceptibility to metabolic acidosis was highest in the youngest infants. However, acidification of HMF appeared to be a stronger factor than prematurity alone: among babies born very preterm (before 28 weeks), the incidence of metabolic acidosis was 47% in the acidified liquid HMF cohort, more than three times higher than the incidence in the nonacidified liquid HMF group (13%). Combined, these findings suggest that consumption of an acidified liquid HMF substantially increases the risk of developing metabolic acidosis. A diagnosis of metabolic acidosis can have far-reaching effects, as data show that metabolic acidosis is associated with poor developmental and neurologic outcomes in very low birth weight infants (< 1500 g) [15, 16] . As previously mentioned, metabolic acidosis is also a risk factor for neonatal necrotizing enterocolitis [16] [17] [18] [19] .
We also examined factors that predicted LOS and found that older chronological age at study day 1 was predictive of longer NICU hospitalizations: each additional day was estimated to increase LOS by 3%. This is consistent with results of the clinical trial analysis, which showed that older age at study day 1 was correlated with risk factors such as lower birth weight, lower gestational age, and more days to regain birth weight. In adjusted models, infants who developed metabolic acidosis had an average increase in LOS of 9.3 days compared with infants who did not develop metabolic acidosis. Longer NICU stays increase costs and may also affect infant development. Subedi et al. [7] showed that increasing NICU LOS was significantly associated with long-term neurodevelopment outcomes. This difference in LOS in the present analyses is estimated to translate to an increase of $US19,002 ($US65,462 charges) in hospitalization costs associated with developing metabolic acidosis.
US hospitals have a financial incentive to discharge infants from the NICU. Nearly half of all births are paid for by Medicaid, which reimburses healthcare providers and hospitals at lower rates than does private insurance [24] . Medicaid-enrolled mothers are more likely to deliver preterm infants than women who are privately insured [25] .
Reducing NICU LOS may also be important to other stakeholders, including contracted NICU organizations that compete in the neonatology space and private health insurance companies that continually focus on cost containment. Similar economic forces would likely come into play for infants in the NICU outside of the USA.
While the results of this study are compelling, we note the following limitations. Though HCUP is a nationally representative and reliable data source, the costs are imputed. Ideally, these analyses would be conducted with cost data from participating institutions. NICU charges are generally per diem, so, even when using a cost-to-charge ratio, it is not possible to determine the actual cost of the resources used to care for premature infants. Future studies should employ larger sample sizes to allow for more extensive analyses of factors that contribute to NICU LOS and associated costs of care. 
